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Sensory information is thought to be modulated by
presynaptic inhibition. Although this formof inhibition
is a well-studied phenomenon, it is still unclear what
role it plays in shaping sensory signals in intact cir-
cuits. By visually stimulating the retinas of transgenic
mice lacking GABAc receptor-mediated presynaptic
inhibition, we found that this inhibition regulated the
dynamic range of ganglion cell (GC) output to the
brain. Presynaptic inhibition acted differentially upon
two major retinal pathways; its elimination affected
GC responses to increments, but not decrements, in
light intensity across the visual scene. The GC dy-
namic response ranges were different because pre-
synaptic inhibition limited glutamate release from
ON, but not OFF, bipolar cells, which modulate the ex-
tent of glutamate spillover and activation of perisynap-
tic NMDA receptors at ON GCs. Our results establish
a role for presynaptic inhibitory control of spillover
in determining sensory output in the CNS.
Introduction
Neurons communicate with each other primarily through
chemical synapses, where small depolarizations of the
presynaptic terminal open voltage-gated Ca2+ channels
(Awatramani et al., 2005), triggering the rapid release of
neurotransmitter from vesicles. Transmission occurs
when neurotransmitter diffuses across a synaptic cleft
to activate postsynaptic receptors. At some synapses,
neurotransmitter diffuses from the release sites and ac-
tivates perisynaptic receptors by spillover (Chen and Di-
amond, 2002; Kullman and Asztely, 1998; Matsui et al.,
1998). Neurotransmitter release is a probabilistic event
(del Castillo and Katz, 1954). Among the many factors
regulating release probability, presynaptic inhibition
plays a critical role (reviewed by MacDermott et al.,
1999). Activation of presynaptic inhibitory ionotropic re-
ceptors triggers a Cl- current in the nerve terminal, re-
ducing Ca2+ influx and limiting neurotransmitter release
(Dudel and Kuffler, 1961). Although this form of inhibition
is a well-studied phenomenon, it is still unclear what role
*Correspondence: lukasiewicz@vision.wustl.eduit plays in shaping synaptic signals in intact circuits ac-
tivated by sensory stimuli. We examined the role of pre-
synaptic inhibition in visual processing, using the mam-
malian retina, which can be studied both in situ and
in vitro.
Similar to many sensory systems, visual information
travels along a set of parallel pathways (reviewed by
Wassle, 2004). Within the visual system, the initial segre-
gation into parallel ON and OFF pathways occurs at the
first retinal synapse, where cone photoreceptor output
diverges onto ON and OFF bipolar cells (Murakami
et al., 1975). These two pathways remain segregated
throughout the retina, conveying information about in-
tensity increments and decrements of images. Presyn-
aptic inhibition mediated by GABAC receptors shapes
excitatory transmission between bipolar cells and gan-
glion cells, but the impact of this inhibition upon sensory
output of the ON and OFF visual pathways remains un-
clear. It has been suggested that the dynamic response
ranges and sensitivities of ON-center and OFF-center
ganglion cells (ON and OFF GCs) are distinct (Chi-
chilnisky and Kalmar, 2002; Zaghloul et al., 2003), but
the synaptic mechanisms responsible for these differ-
ences have not been explored. Here we examined
whether signaling differences between the ON and
OFF pathways could be attributed to differential presyn-
aptic inhibition.
Using mice lacking GABAC receptors (McCall et al.,
2002), we show in vivo that presynaptic inhibition regu-
lates the ability of the system to encode the increments
in light intensity, controlling the dynamic range of light-
evoked responses of ON GC output to the brain. Sur-
prisingly, the responses from OFF GCs, which convey
information about decrements in light intensity across
the visual scene, are largely unaffected, demonstrating
that this form of presynaptic inhibition is different
across the two major retinal pathways. Presynaptic in-
hibition limits glutamate release from ON, but not OFF,
bipolar cell outputs, which leads to selective modula-
tion of spillover transmission and activation of perisy-
naptic NMDA receptors at ON GCs. This differential ac-
tivation of NMDA receptors broadens the dynamic
response range of ON, but not OFF, GCs, demonstrat-
ing that spillover transmission affects sensory output
in the CNS.
Results
Presynaptic Inhibition Differentially Limits
Spontaneous and Visually Evoked Responses
in Parallel ON and OFF Retinal Pathways
To investigate whether presynaptic inhibition modu-
lated spontaneous and light-evoked excitation, we re-
corded spiking activity in vivo from single GC nerve
fibers in anesthetized wild-type (wt) mice and mice in
which a specific type of ionotropic inhibitory receptor,
GABACR, was selectively eliminated (McCall et al.,
2002). As in other species, GABACR-mediated inhibition
in mouse retina is only presynaptic; there is no direct
Neuron
924Figure 1. Presynaptic Inhibition Modulates
Spontaneous and Visually Evoked Spiking In
Vivo
Representative raster plots (upper traces)
and peristimulus time histograms (PSTHs,
middle) illustrating spontaneous and light-
evoked firing in wt (Aa) and GABACR null
(Null) (Ab) sustained and transient ON-center
ganglion cells (GCs); and wt (Ba) and Null (Bb)
sustained and transient OFF GCs. The lower
traces in (A) and (B) indicate the onset of a 2
s optimally sized stimulus, a bright spot (50
cd/m2) for ON GCs and a dark spot (10 cd/
m2) for OFF GCs presented on an adapting
background (23 cd/m2) and centered on the
cell’s receptive field center. The inset in (Aa)
represents the in vivo recording paradigm
(see Experimental Procedures). Responses
were collected (50 ms bin width) during the
stimulus presentation and for several sec-
onds before and after the stimulus when the
screen luminance returned to adapting level.
The interstimulus interval was 4 s. Each
PSTH represents the average of 8 individual
responses shown above in the raster plots.
Spontaneous and light-evoked firing rates
were significantly increased only in ON GCs
in Null mice compared to wt mice (C). ON
GCs (C), spontaneous firing rate in: wt,
19.50 6 1.42, n = 50; versus Null, 32.60 6
1.47, n = 69; p < 0.01. Light-evoked firing
rate in: wt, 32.90 6 1.59, n = 47; versus Null,
37.70 6 1.31, n = 63; p = 0.02). OFF GCs (D),
spontaneous firing rate in: wt, 6.52 6 0.85,
n = 44; versus Null, 7.95 6 0.96, n = 26; p =
0.29. Light-evoked firing rate in: wt, 64.42 6
4.24, n = 39; versus Null, 70.21 6 5.61, n =
26; p = 0.41. Scale bars: horizontal, 1 s; verti-
cal, 50 spikes/s. Error bars, 6SEM; *p < 0.05,
**p < 0.01.GABACR-mediated input to GCs (see Figure S1 in the
Supplemental Data; reviewed by Lukasiewicz et al.,
2004; but see Rotolo and Dacheux, 2003).
The two major classes of GCs (ON- and OFF-center)
were characterized and classified in vivo based on their
responses to optimally sized spots that matched their
receptive field center size and sign (bright for ON and
dark for OFF GCs) (Sagdullaev and McCall, 2005). Fig-
ure 1 shows raster plots and peristimulus time histo-
grams (PSTHs) from representative ON and OFF GCs
in wt and GABACR null mice (Null) in response to
a spot stimulus. In Null mice, both the spontaneous
and light-evoked responses of ON GCs (Figures 1Aand 1C) were significantly larger than the responses re-
corded in wt mice (p < 0.01 and p = 0.02, respectively).
Surprisingly, both of these response measures were
similar in OFF GCs from both Null and wt mice (Figures
1B and 1D). Similar behavior was observed across
GCs with a wide variety of physiological responses (Fig-
ures 1C and 1D), as illustrated by the examples from
sustained and transient GCs (Figures 1A and 1B). These
findings indicate that presynaptic inhibition differentially
limits the physiological responses of ON GCs to visual
stimuli and suggest that there is an asymmetry in
GABACR-mediated presynaptic inhibition in the ON and
OFF pathways.
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Stimulus paradigm for measuring light-evoked intensity-response functions (IRFs) in ON (Aa) and OFF GCs (Ba) in vivo. For ON GCs, responses
were recorded to increments in light intensity of an optimal spot stimulus above a maintained light-adapting level (w30 cd/m2). For OFF GCs,
responses were recorded to decrements in light intensity of an optimal spot stimulus below the same maintained light-adapting level.
(Ab and Bb) Representative light-evoked responses (spikes) recorded extracellularly from ON (Ab) and OFF (Bb) GCs. The values to the right of
each trace indicate the intensity of the light stimulus in cd/m2. Traces at the bottom of each set of responses in (Ab) and (Bb) indicate onset and
offset of the stimuli. Duration of the light stimulus was 4 s and the interstimulus interval was 10 s for low-intensity stimulus steps and 60 s for high-
intensity stimulus steps.
(Ac) Averaged and normalized intensity-response profiles of ON GCs in wild-type (wt) (black circles) and Null (gray circles) mice. Eliminating
GABACR-mediated inhibition significantly decreased (p < 0.01) the dynamic range of ON GCs.
(Bc) Averaged and normalized intensity-response profiles of OFF GCs in wt (black triangles) and Null GCs (gray triangles). For comparison, the
intensity-response profile of ON GCs in wt from (Ac) was replotted (dotted curve indicated with arrow). The intensity-response profiles for ON and
OFF GCs were obtained by plotting the mean firing rate during the first 1 s of the response against log relative light intensity.
(C) Bar graph showing the dynamic ranges (5%–95% max response, see Experimental Procedures) of light-evoked responses in ON and OFF
GCs in wt and Null mice in vivo.
(D) Bar graph showing the dynamic ranges of electrically evoked EPSCs (eEPSCs) in ON and OFF GCs in wt and Null mice. Inset in (D) represents
the retinal circuitry and paradigm used for recording electrically evoked responses in vitro. eEPSCs were recorded from GCs in wt and Null mice
in a light-adapted retina slice preparation. Slices were bathed in control solution 2 and GCs were voltage clamped at235 mV to relieve NMDAR-
mediated current from Mg2+ block. Bipolar cell (BC) inputs were activated by focal electrical stimuli (0.03–1000 mA; 2 ms) delivered by an extra-
cellular electrode placed in the OPL. ON GCs have a wider dynamic range compared to OFF GCs in wt retina. Eliminating GABACR-mediated
inhibition reduces the dynamic range of ON GCs.
Error bars, 6SEM; *p < 0.05, **p < 0.01.Presynaptic Inhibition Increases the Dynamic Range
of Visually Evoked Responses to Light Increments,
but Not Decrements
To examine how GABACR-mediated presynaptic inhibi-
tion might affect other aspects of visual processing, we
measured and compared the intensity-response rela-
tionships and dynamic ranges of light-evoked responsesfrom GCs in wt and Null mice. Single-unit extracellular
responses were evoked using an optimal spot and were
measured as a function of equivalent stimulus intensity
increments or decrements for ON and OFF GCs, respec-
tively (Figures 2Aa and 2Ba). Both ON and OFF GCs
increased their firing rates as a function of stimulus
intensity (Figures 2Ab and 2Bb). Intensity-response
Neuron
926Figure 3. Elimination of GABACRs Enhances
the NMDAR, but Not AMPAR, Component of
eEPSCs in ON GCs
eEPSCs were recorded from GCs in wt and
Null mice in a retinal slice preparation as de-
scribed in Figure 2D. Bipolar cell inputs
were activated by electrical stimuli (3–5 mA;
2 ms) delivered by an extracellular electrode
placed in the OPL. eEPSCs from GCs in all
wt (black traces) and Null mice (gray traces)
exhibited NMDAR and AMPAR components
(isolated after NMDARs were blocked with
50 mM D-AP5). eEPSCs from Null ON GCs
had slower decays and larger charge trans-
fers than wt GCs ([Aa]–[Ac]; p < 0.01), while
eEPSCs were similar in both Null and wt
OFF GCs ([Ba]–[Bc]; p > 0.5). The AMPAR
component of the eEPSCs did not differ
between wt and Null ON or OFF GCs (Ab
and Bb). Each trace is an average of 2–4
responses. In this and all subsequent figures,
response trace baselines were adjusted and
superimposed for a better comparison.
Error bars, 6SEM; *p < 0.05, **p < 0.01.functions (IRFs) were constructed by plotting the nor-
malized response as a function of log relative light inten-
sity. The dynamic range, defined as the stimulus intensi-
ties that elicited responses between 5% and 95% of
maximum, was estimated from the IRFs (see Experi-
mental Procedures).
The dynamic range of Null ON GC responses (Fig-
ure 2Ac) was significantly reduced compared to wt
ON GC responses (Figure 2Ac; 1.76 6 0.28 log, n= 11;
versus 3.63 6 0.54 log, n = 8; p < 0.01), suggesting
that GABACR-mediated presynaptic inhibition normally
extends the dynamic range of visually evoked re-
sponses. In addition, the dynamic range of wt ON GCs
was wider than the dynamic range for wt OFF GCs (Fig-
ures 2Bc and 2C) (ON, 3.636 0.54 log, n = 8; versus OFF,
1.696 0.31 log, n = 5; p < 0.01), attributable to the differ-
ential presynaptic GABACR-mediated inhibition in these
two major retinal pathways. This notion was supported
by our findings showing that Null ON and OFF GCs
had similar dynamic response ranges (ON, 1.76 6 0.28
log, n = 11; versus OFF, 1.73 6 0.10 log, n = 5; p > 0.9)
and were comparable to the ranges for wt OFF GCs
(Figure 2C).
ON and OFF GC Dynamic Ranges Are Determined
in the Proximal Retina
GABACRs are expressed primarily on bipolar cell axon
terminals throughout the inner plexiform layer (IPL) and
to a lesser extent on their dendrites in the outer plexi-
form layer (OPL) (Enz et al., 1996; Shields et al., 2000).
Thus, the effect of GABACR elimination on the spontane-
ous and light-evoked responses of ON and OFF GCs
could originate in either synaptic layer. To determine if
this alteration occurred in the IPL, we used whole-cell
patch-clamp techniques to record excitatory postsyn-
aptic currents (EPSCs) evoked by electrical stimulation
of bipolar cells (eEPSCs) in a light-adapted retina slice
preparation. Positioning the stimulating electrode in
the OPL directly over the recorded GC allowed us to by-
pass synaptic interactions of the distal retina (Higgs and
Lukasiewicz, 1999) to isolate input from the IPL circuitry
and selectively activate the local center, but not thelateral signaling pathways (Cook et al., 1996). For these
experiments, the membrane potential of the GC was
held at 235 mV to relieve the Mg2+ block of N-methyl-
D-aspartic acid receptors (NMDARs) (Nowak et al.,
1984). We plotted the eEPSC charge transfer (QeEPSC)
evoked by a series of electrical stimuli (0.03–1000 mA;
2 ms) to construct electrically evoked IRFs. As with the
light-evoked responses, the electrically evoked IRFs
from wt ON GCs had a wider dynamic range compared
to OFF GCs (Figure 2D; wt ON, 2.686 0.21 log, n = 5; ver-
sus wt OFF, 1.34 6 0.47 log, n = 6; p < 0.05).
Similar to the light-evoked IRFs, the dynamic range of
the electrically evoked IRFs from Null ON GCs (1.33 6
0.23 log, n = 7) was significantly narrower than that of
wt ON GCs (Figure 2D, p < 0.05) and the same as that
from Null OFF GCs (1.296 0.17 log, n = 5; p > 0.5). These
differences were comparable to those found for light-
evoked responses, suggesting that they were attribut-
able to differential presynaptic inhibition of ON and
OFF bipolar cell terminals.
Presynaptic Inhibition Selectively Modulates
Excitatory Input to ON GCs
To examine whether postsynaptic receptor diversity
also contributed to the differences in the dynamic
ranges of retinal outputs, we compared the eEPSCs in
ON and OFF GCs from Null and wt mice. We found
that the eEPSCs recorded from Null ON GCs decayed
more slowly than those recorded from wt ON GCs (de-
cay to 37% of peak [D37] = 336.7 6 30.2 ms [Null], n =
15; versus 216.16 30.2 ms [wt], n = 12; p < 0.01) and ex-
hibited larger charge transfers (Figure 3Aa).
We determined the contributions of slow NMDARs
and fast alpha-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptors (AMPARs) to the eEPSCs in
ON and OFF GCs. The slower decay of eEPSCs in Null
ON GCs was attributed to enhanced activation of
NMDARs because the AMPAR-mediated component,
isolated in the presence of D-AP5, was the same in wt
and Null ON cells (Figure 3Ab). The NMDAR-mediated
component of the eEPSCs was determined by subtract-
ing the D-AP5-insensitive component from the total
Presynaptic Inhibition Modulates Sensory Output
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GABACRs in wt Retina Selectively Enhances
the NMDAR-Mediated Component of eEPSCs
eEPSCs were recorded from wt GCs held at
235 mV. Blockade of GABACRs with TPMPA
(50 mM) significantly increased the eEPSCs in
ON ([Aa] and [C]), but not OFF GCs ([B] and
[C]). (Ab) Blockade of NMDARs with D-AP5
(50 mM) prevented TPMPA-induced increase
in charge transfer of the eEPSC (QeEPSC).
(Ac) Blockade of AMPARs with either CNQX
(5 mM, data not shown) or GYKI-53655
(40 mM) did not alter the TPMPA-induced
increase in QeEPSC.
Error bars, 6SEM; *p < 0.05, **p < 0.01.charge transfer in wt and Null ON cells. Null ON cells had
significantly larger NMDAR-mediated components than
wt cells (Figure 3Ac, 89.4%6 2%, n = 8; versus 71.0%6
2.7% of total eEPSC, n = 9; p < 0.01), consistent with pre-
vious studies suggesting that perisynaptic NMDARs on
ganglion and amacrine cells are activated by spillover
when the probability of release is increased (Chen and
Diamond, 2002; Matsui et al., 1998, 2001). In contrast,
the decay of eEPSCs and charge transfer from Null
OFF GCs was similar to that of wt OFF GCs (Figure 3B)
(D37 = 321.2 6 47.0 ms, n = 12; versus 311.9 6 45.9 ms,
n = 10; p > 0.5; charge transfer 80.1%64.2%, n = 9; versus
78.3%6 6.2% of total eEPSC, n = 9; p > 0.5). On average,
NMDARs made larger contributions to eEPSCs in wt
OFF GCs than in wt ON GCs (78.3% 6 6.2% versus
71.0% 6 2.7%), similar to previous observations (Co-
hen, 2000). These results, combined with our in vivo ob-
servations, suggest that in the wt retina, GABACR-medi-
ated inhibition shapes excitatory signaling in the ON, but
not the OFF, pathway.
Enhanced eEPSCs in Null ON GCs Are Not
Attributable to Compensation or Circuitry Effects
Our previous work suggests that the elimination of
GABACRs does not result in compensation within the rod
signaling pathway (McCall et al., 2002). To determine
whether our observations in ON and OFF cone signaling
pathways were attributable to the absence of GABACR-
mediated inhibition, and not to developmental compen-
sation, we characterized eEPSCs from ON and OFF GCs
in wt mice in the absence and presence of the GABACR-
selective antagonist TPMPA (Ragozzino et al., 1996). In
wt retina, TPMPA enhanced QeEPSC in ON GCs nearly
2-fold (178% 6 20% of control, n = 10, p < 0.01; Figures
4Aa and 4C). In contrast, eEPSCs recorded in wt OFF
GCs were largely unaffected by TPMPA (110% 6 10%
of control, n = 9, p > 0.5; Figures 4B and 4C). As ex-
pected, TPMPA did not affect eEPSCs recorded from ei-
ther ON or OFF Null GCs (90% 6 10% of control, n = 7).
Also, TPMPA did not affect AMPAR-mediated eEPSCs,
isolated with D-AP5 (Figure 4Ab), suggesting that only
the NMDARs contributed to this enhancement. Consis-tent with this notion, the eEPSCs in wt mice were still
enhanced by TPMPA after the NMDAR component
was isolated in the presence of the AMPAR selective an-
tagonist GYKI-53655 (Figure 4Ac; 171% 6 14%, n =10,
p < 0.01). The inability of TPMPA to enhance the AMPAR
component of the eEPSCs suggests that synaptic
AMPARs are saturated and/or desensitized and are
unable to respond to an increase in glutamate release
(Matsui et al., 1998).
Because the inhibitory receptor antagonists bicucul-
line and strychnine used to isolate eEPSCs could disrupt
other inhibitory circuits that can affect presynaptic inhi-
bition (Eggers and Lukasiewicz, 2006; Zhang et al.,
1997), we repeated these experiments but isolated
eEPSCs by increasing the chloride concentration in
our patch pipette (intracellular solution 2; see Experi-
mental Procedures for composition) and holding the
GCs at 235 mV, ECl
-
. Under these conditions, TPMPA
still enhanced the eEPSCs of wt ON GCs (169% 6
16% of control, n = 6, p < 0.01), while the eEPSCs of
OFF GCs were not altered (109% 6 12% of control,
n = 3, p > 0.5). These data show that eliminating GABACRs,
using either a pharmacological or a molecular genetic
approach, significantly enhances NMDAR-mediated
currents in ON, but not OFF, GCs, and that the enhance-
ment is attributable to presynaptic GABACRs, and not to
indirect, circuitry-mediated effects.
Presynaptic Inhibition Reduces Spillover Activation
of NMDARs in ON GCs by Limiting Multiquantal
Release
The differential effect of the elimination of presynaptic
inhibition upon ON and OFF pathway signaling was as-
sociated with increased activation of NMDARs in ON,
but not OFF, GCs, suggesting that GABACR-mediated
inhibition uniquely modulates the activation of NMDARs
in ON GCs. To examine how NMDAR and AMPAR acti-
vation were affected by presynaptic inhibition, we re-
corded spontaneous EPSCs (sEPSCs) from ON GCs
in the presence and absence of GABACR-mediated inhi-
bition and compared them to sEPSCs recorded from
OFF GCs. The sEPSCs were recorded from GCs held
Neuron
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over Activation of Perisynaptic NMDARs in
ON wt GCs
(A) Averaged sEPSCs were recorded from ON
GCs held at 275 mV and superfused with
Mg2+-free solution in the presence of bicucul-
line and strychnine. Blockade of GABACRs by
TPMPA increased the decay time (D37) and
charge transfer of sEPSCs (QsEPSCs) ([Aa]
and [Ac], black trace and bars). Blockade of
NMDARs by D-AP5 reversed the TPMPA-in-
duced enhancement ([Aa] and [Ac], gray trace
and bars). (Ab) When NMDARs were initially
blocked by D-AP5, TPMPA did not enhance
the sEPSCs. All activity was blocked by sub-
sequent application of GYKI-53655 (40 mM).
In this and the following figure, the numbers
in superscript and parenthesis indicate the
order in which pharmacological agents were
delivered.
(Ba) sEPSCs in Null ON GCs exhibited
NMDAR-mediated current, which was absent
in wt cells (see [Ab]).
(Bb) Decay times (D37) and charge transfers
(Q) of sEPSCs in Null ON GCs (black bars)
were greater than in wt GCs (dotted line, p <
0.05). D-AP5 decreased both QsEPSCs and
D37 (gray bars).
(C) Frequency histograms show that eliminat-
ing GABACR-mediated inhibition either ge-
netically (Null) or pharmacologically (wt +
TPMPA) increased the number of events
with larger QsEPSCs compared with wt mice.
Error bars, 6SEM; *p < 0.05, **p < 0.01.at 275 mV and superfused with Mg2+-free extracellular
solution. In wt ON GCs, the addition of TPMPA signifi-
cantly enhanced both the decay time and charge trans-
fer of the sEPSCs (Figure 5Aa, trace 2 and Figure 5Ac;
D37 =156% 6 22%; Q= 157% 6 16% of control values;
n = 8, with 20–838 events per each cell; p < 0.05) and in-
creased a tonic inward current (w5–10 pA; Figure S3).
These findings suggest that the removal of presynaptic
inhibition led to increased glutamate release and spill-
over activation of perisynaptic NMDARs since these en-
hancements were reversed by the addition of D-AP5
(Figure 5Aa, trace 3, and Figure 5Ac). The remaining
portion of the sEPSC was eliminated by the addition
of GYKI-53655 (not shown), indicating that it was
AMPAR-mediated. Furthermore, when the NMDAR-
mediated component was removed first, by D-AP5 ap-
plication, the remaining AMPAR-mediated sEPSC was
unaltered by TPMPA, confirming that the enhancement
was NMDAR-mediated and suggesting that the AMPAR
component was saturated (Figure 5Ab). Taken together,
these findings suggest that blocking presynaptic inhibi-
tion increases spontaneous release, leading to gluta-
mate spillover and activation of perisynaptic NMDA
receptors.
If presynaptic inhibition limits spontaneous glutamate
release to activate AMPARs only, then sEPSCs in ON
Null GCs should have a NMDAR-mediated component.
We found that both the decay time and charge transfer
values of sEPSCs were significantly larger in Null ONGCs compared to wt cells (D37 = 122% 6 11%; Q =
133% 6 8% of their control values, n = 9 with 20–838
events per each cell; p < 0.05) (Figure 5B). The distribu-
tion of charge transfers of sEPSCs from Null ON GCs
was similar to that obtained from wt cells in the presence
of TPMPA (Figure 5C). D-AP5 reduced the sEPSCs in
Null ON GCs (Figure 5Ba) and they became similar to
sEPSCs from wt ON GCs (Figure 5Bb). This suggests
that the sEPSC enhancement, attributed to the elimi-
nation of presynaptic inhibition, was mediated by
NMDARs. By contrast, sEPSCs recorded from wt ON
GCs in the absence of TPMPA were insensitive to
D-AP5 (compare Figure 5Ab with Figure 5Ba), suggest-
ing that GABACR-mediated presynaptic inhibition re-
duces the probability of release (Pr), limiting glutamate
spillover and the contribution of perisynaptic NMDARs
to sEPSCs.
Are AMPARs Saturated in ON GCs?
The unaltered AMPAR-mediated sEPSCs observed with
increased release (Figures 5Ab and 5Ac) suggest that
these receptors were saturated. If this is true, then
conditions that reduce receptor occupancy will relieve
saturation and enable AMPARs to respond to enhanced
release. We reduced AMPAR occupancy with the low-
affinity antagonist g-D-glutamyl-glycine (g-DGG, 0.5–
1.0 mM) (Watkins and Olverman, 1987) and varied the
Pr. Since glutamate affinity for AMPARs is higher than
g-DGG affinity, glutamate displaces g-DGG, eliciting
Presynaptic Inhibition Modulates Sensory Output
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the Absence of Presynaptic Inhibition when
Pr Is High
(A) Inhibition modulates AMPAR-mediated
sEPSCs when their saturation is reduced by
a low-affinity antagonist. Mean sEPSCs
from representative morphologically identi-
fied wt ON GCs in control conditions (D-
AP5, bicuculline and strychnine, 0 Mg2+, Vh =
275 mV; 84–143 individual events were
averaged for each condition). The low-affinity
AMPAR antagonist g-DGG (0.5–1.0 mM) re-
duced the sEPSCs’ amplitude. The subse-
quent addition of TPMPA increased the
sEPSCs’ amplitude. Reducing the probability
of release (Pr) by lowering extracellular Ca2+
reversed the effect of TPMPA. All sEPSCs
traces in (Aa) are from the same cell.
(Ab) Summary graph showing that AMPAR-
mediated sEPSC amplitudes were signifi-
cantly reduced by g-DGG (n = 15 cells, p <
0.01, paired t test). Block of presynaptic inhi-
bition with TPMPA increased the amplitude
of the sEPSC (n = 14, p < 0.01, paired t test).
This increase was reversed after Pr was re-
duced by lowering extracellular Ca2+ (n = 7,
p < 0.01, paired t test).
(B) In contrast, when presynaptic inhibition was preserved, lowering extracellular Ca2+ did not affect the sEPSCs’ amplitude (Bb) (n = 10, p = 0.24,
paired t test). In ([Ba], left), traces 3 and 4 from (Ba) are redrawn for comparison to representative sEPSCs in the presence of presynaptic inhi-
bition ([Ba], right; each trace is an average of 270 and 337 individual events). In (Ab) and (Bb), gray lines are responses of individual cells and the
black lines represent their mean values (6SEM) (see also Figure S4).a sEPSC with a charge transfer proportional to the
amount of glutamate released (Clements et al., 1992).
When AMPARs were isolated in the presence of D-
AP5, g-DGG reduced the sEPSC amplitude, consistent
with a reduction in AMPAR saturation (Figure 6Aa, trace
2, and Figure 6Ab). In addition, g-DGG prolonged the
time to peak for the sEPSC, as expected if glutamate
first displaced g-DGG before binding to the AMPAR
(Figure S4). When Pr was enhanced by the addition of
TPMPA in the presence of g-DGG, the sEPSC ampli-
tudes were increased (Figure 6Aa, trace 3, and
Figure 6Ab), suggesting that the enhanced sEPSCs
were mediated by the release of multiple quanta.
If sEPSCs are multiquantal in the absence of presyn-
aptic inhibition, then their amplitudes should be sensi-
tive to reductions in Pr. Consistent with this idea, lower-
ing extracellular Ca2+ reduced Pr, reversing the sEPSC
enhancement caused by TPMPA (Figure 6Aa, trace 4;
Figures 6Ab and 6Ba, left). However, in the absence of
TPMPA, lowering Ca2+ did not affect the sEPSC
(Figures 6Ba [right] and 6Bb), suggesting that when pre-
synaptic inhibition is intact, sEPSCs in ON GCs are uni-
quantal and mediated by synaptic AMPARs that are nor-
mally saturated. By contrast, when Pr is increased,
spontaneous release becomes multiquantal, activating
perisynaptic NMDARs by spillover.
Different Spatial Distributions of NMDARs
at ON and OFF GC Synapses
To determine if differences in NMDAR synaptic distribu-
tions contributed to the distinct ways that ON and OFF
GC responses were affected by presynaptic inhibition,
we compared the waveforms and pharmacology of
sEPSCs from ON and OFF GCs. We hypothesized that
these differences were attributable to the activation of
synaptic NMDARs in OFF GCs and the spillover activa-tion of perisynaptic NMDARs in ON GCs. The sEPSCs
from wt OFF GCs decayed significantly slower than
sEPSCs from wt ON GCs (D37 ON GCs = 2.37 6 0.20
ms, n = 9; versus OFF GCs = 3.57 6 0.28 ms, n = 10;
p < 0.01) and exhibited larger charge transfers (QsEPSC
ON GCs = 40.03 6 4.23 pA 3 ms, n = 9; versus OFF =
60.72 6 5.92 pA 3 ms, n = 10; p < 0.01) (Figure 7A). D-
AP5 reduced sEPSCs from wt OFF GCs, demonstrating
that these sEPSCs possessed a NMDAR component,
but did not change sEPSCs from wt ON GCs, demon-
strating that they were not mediated by NMDARs
(Figure 7A).
We recorded sEPSCs in the absence and presence of
GYKI-53655 to confirm that wt ON sEPSCs were medi-
ated by AMPARs and OFF sEPSCs were mediated by
both AMPARs and NMDARs. Blocking AMPARs elimi-
nated all sEPSCs in ON wt GCs (Figure 7Ba), but only
partially reduced the sEPSCs in OFF GCs (Figure 7Bb).
The subsequent addition of D-AP5 eliminated the re-
maining sEPSCs in OFF GCs, indicating that they were
mediated by NMDARs (Figure 7Bb). Unlike our observa-
tions with ON GCs, blockade of GABACR-mediated pre-
synaptic inhibition had little effect on the charge transfer
of sEPSCs recorded from OFF GCs (Figure 7D, bar
graph, n = 10, p = 0.36, paired t test). These data suggest
that in contrast to ON GCs, NMDARs on OFF GCs were
synaptic.
Since there is less GABACR-mediated inhibition in
OFF bipolar cells, release from OFF bipolar cells may
be multiquantal, causing spillover activation of NMDARs
that contribute to OFF GC sEPSCs. We tested this hy-
pothesis in two ways. First, if sEPSCs of OFF GCs are
multiquantal, then their amplitude should be sensitive
to changes in extracellular Ca2+. We found that lowering
extracellular Ca2+ from 2.0 to 0.5 mM in the presence of
g-DGG to relieve AMPAR saturation did not affect
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930Figure 7. Evidence that NMDARs Are Synaptic on OFF wt GCs and Activated during Spontaneous Glutamate Release
(Aa) sEPSCs recorded from morphologically identified ON (black) and OFF (gray) wt GCs. The traces for OFF and ON GCs represent an average of
302 and 235 events, respectively.
(Ab) D-AP5 speeds the decay of the sEPSC in OFF GCs (gray, the same cell as in Aa, 199 events), but does not affect sEPSCs in ON GCs (black,
the same cell as in Aa, 208 events). In control conditions (bicuculline and strychnine, 0 Mg2+, Vh = 275 mV), the decay time, D37 (Ac), and the
charge transfer, QsEPSC (Ad), of the OFF GCs’ sEPSCs were larger than those recorded from ON GCs (p < 0.01). In the presence of D-AP5, sEPSCs
from OFF GCs were similar to those recorded from ON GCs (p > 0.15).
(Ba) sEPSCs from ON GCs were exclusively mediated by AMPARs and blocked by GYKI-53655.
(Bb) In contrast, sEPSCs from OFF GCs were mediated by AMPA and NMDA receptors and were only partially blocked by GYKI-53655. The sub-
sequent addition of D-AP5 eliminated the remaining sEPSCs.
(C) sEPSCs in OFF GCs are uniquantal and their amplitude is not affected by lowering the Pr (n = 6, p = 0.18, paired t test). Experimental conditions
are the same as in Figures 6A and 6B (D-AP5, bicuculline and strychnine, 0 Mg2+, Vh = 275 mV).
(D) Effects of the glutamate uptake antagonist TBOA (5–10 mM) on sEPSCs in ON and OFF wt GCs. sEPSCs in TPMPA and after subsequent ad-
dition of TBOA are superimposed. The traces represent an average of 395 (TPMPA) and 356 (TPMPA + TBOA) events for ON GCs and 176
(TPMPA) and 351 (TPMPA + TBOA) events for OFF GCs. Summary bar graph shows the experimental paradigm and the effect of TBOA on sEPSC
charge transfer (QsEPSCs) in seven ON and six OFF GCs. All events for an individual cell under a given condition were averaged and then nor-
malized to their corresponding values in the presence of TPMPA (dashed line). Recording conditions were the same as in Figure 5A.
Error bars, 6SEM; *p < 0.05, **p < 0.01.sEPSCs amplitudes in OFF GCs (Figure 7C; n = 6, p =
0.18, paired t test), suggesting that spontaneous release
was uniquantal. Second, if NMDARs are located perisy-
naptically at ON GC synapses and synaptically at OFF
synapses, then enhancing spillover by blocking gluta-
mate uptake should increase the size of the sEPSCs of
ON GCs to a greater extent than OFF GCs. Figure 7D
shows that blocking glutamate uptake with TBOA (5–
10 mM) enhanced ON GC sEPSCs to a larger extent
than OFF GC sEPSCs (n = 7 and n = 6, respectively; p
< 0.05). The TBOA-mediated increase in the sEPSCs
charge transfer was caused by the activation of
NMDARs because this was not observed in the pres-ence of D-AP5 (Figure 7D). Taken together, these data
suggest that AMPA and NMDA receptors were largely
segregated to synaptic and perisynaptic locations, re-
spectively, in ON GCs, but were intermingled at synaptic
locations in OFF GCs (Figure 8). As a result, sEPSCs in
ON GCs were mediated solely by AMPARs, while
sEPSCs in OFF GCs were mediated by both AMPARs
and NMDARs. The combination of perisynaptic
NMDARs and stronger presynaptic inhibition in the ON
pathway, compared to the OFF pathway, leads to spill-
over modulation of NMDAR activation in ON GCs, con-
tributing to the asymmetries observed between ON
and OFF GC responses.
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931Figure 8. Schematic Diagram of the Asymmetric Modulation of Glutamate Release from Bipolar Cells by Presynaptic Inhibition and Spillover
Activation of Postsynaptic Glutamate Receptors on GCs
(Aa) The inhibitory GABAergic feedback from amacrine cells (ACs) via GABACRs limits glutamate release from ON bipolar cells and controls spill-
over activation of NMDARs that are located perisynaptically on ON GCs’ dendrites. GABACR-mediated negative feedback confines synaptic
transmission and extends the dynamic response range of ON GCs.
(Ab) In the absence of GABACR-mediated inhibition, the probability of glutamate release is enhanced and the modulation of the excitatory trans-
mission is disrupted.
(B) In the OFF pathway, the activation of synaptically localized AMPARs and NMDARs on OFF GC dendrites is not limited significantly by
GABACR-mediated feedback to OFF BCs. Because the excitatory inputs to OFF GCs are not significantly modulated by presynaptic inhibition,
their output gain is high. For simplicity, only the inhibitory feedback component of a reciprocal synapse between a BC and an AC is shown.Discussion
Presynaptic inhibition is a common mechanism for reg-
ulating synaptic function in the CNS, but it is unknown
how this inhibition controls the flow of information
through parallel sensory signaling pathways. Using the
retina as a model system to study parallel sensory pro-
cessing, we found that eliminating GABACR-mediated
presynaptic inhibition differentially affected visually
evoked excitatory responses and selectively altered
the dynamic response ranges of ON and OFF GCs. A
second pathway-specific asymmetry was revealed when
we eliminated this presynaptic inhibition, leading to en-
hanced spillover activation of NMDARs at ON, but not
OFF, GC synapses (Figure 8), suggesting that NMDARs
are perisynaptic at ON GCs and synaptic at OFF GCs. Al-
though ON and OFF retinal pathways are considered to
be symmetric with equal and opposite responses, re-
cent studies suggest that there are ON and OFF pathway
functional asymmetries that include differences in re-
ceptive field sizes, distinct response kinetics, and con-
trast sensitivities (Chichilnisky and Kalmar, 2002; Zagh-
loul et al., 2003). While different circuits have been
suggested to cause distinct contrast sensitivities (Zagh-
loul et al., 2003), the synaptic mechanisms responsible
for these differences remain unclear. Our findings pro-
vide strong evidence that the asymmetries that occur
across two major visual pathways are attributable to dif-
ferential GABACR-mediated presynaptic inhibition and
its role in limiting the spillover activation of NMDARs.
Eliminating Presynaptic Inhibition Selectively
Enhances Transmission to ON GCs
Eliminating presynaptic GABACRs enhanced both spon-
taneous and visually evoked responses in ON, but not in
OFF, GCs. Since we obtained similar results when webypassed the OPL circuitry by directly stimulating bipo-
lar cells, we attribute this effect to a limitation of gluta-
mate release from ON bipolar cells by GABACRs. While
GABACRs are expressed at low levels in the OPL (Enz
et al., 1995), they probably do not contribute to these ef-
fects since previous studies show that they do not affect
glutamate release from photoreceptors (Hare and
Owen, 1996; McMahon et al., 2004; Verweij et al., 1996).
Our observation that spontaneous firing rates of wt
ON GCs were significantly higher than OFF GCs is simi-
lar to that reported in cat (Cleland et al., 1973; Troy and
Robson, 1992) and in guinea pig retina (Zaghloul et al.,
2003). This increased spontaneous activity is ascribed
to a greater rate of glutamate release from ON bipolar
cells compared with OFF bipolar cells (Zaghloul et al.,
2003). Since the basal rate of excitation of the bipolar
cell should contribute to the extent of inhibitory feed-
back, the differences we observe in wt GCs suggest
that GABACR-mediated input more effectively limits sig-
naling from ON than OFF bipolar cells. Our findings, that
elimination of GABACR-mediated inhibition selectively
enhanced spontaneous and visually evoked activity in
ON GCs, support this idea.
Presynaptic Inhibition Controls Spillover Activation
of NMDARs at ON GC Synapses
Excitatory synaptic transmission is considered to be
point-to-point transmission, shaped by postsynaptic
receptor properties and transmitter clearance. Strong
activation of hippocampal inputs causes glutamate
spillover and results in activation of receptors at neigh-
boring synapses (Arnth-Jensen et al., 2002; Diamond,
2001; Kullman and Asztely, 1998). In retina, glutamate
spillover has been observed in GCs (Chen and Diamond,
2002; Matsui et al., 1998), but its functional role is un-
known. Our findings suggest that in the ON, but not
Neuron
932the OFF, pathway, GABACR-mediated inhibition limits
bipolar cell glutamate release, controlling spillover acti-
vation of perisynaptic NMDARs, but not activation of
synaptic AMPARs (Figure 8Aa). We show that both the
pharmacological and genetic elimination of GABACR-
mediated inhibition enhances the NMDAR and not the
AMPAR component of eEPSCs, suggesting that AMPARs
are saturated and unable to respond further to increases
in glutamate release.
In the retinal GCs, sEPSCs are thought to be exclu-
sively mediated by AMPARs (Taylor et al., 1995). How-
ever, when we eliminated GABACR-mediated inhibition,
we revealed a NMDAR component in the sEPSCs in wt
ON GCs, attributable to increased glutamate release
and spillover activation of perisynaptic NMDARs
(Figure 8Ab). This is consistent with other studies that
show activation of a NMDAR component of GC sEPSCs
when glutamate clearance is reduced (Chen and Dia-
mond, 2002). The emergence of the NMDAR-mediated
component when Pr is enhanced suggests that sEPSCs
are multivesicular, a phenomenon found at a number of
synapses in the CNS (Auger et al., 1998; Christie and
Jahr, 2006; Wadiche and Jahr, 2001), including the retina
(Singer et al., 2004). By contrast, the AMPAR-mediated
component of the sEPSC was unaltered by increased
Pr, suggesting that AMPARs were saturated and unable
to respond to multivesicular release. However, when we
relieved AMPAR saturation with the low-affinity antago-
nist g-DGG (Figure 5B), the sEPSCs were enhanced by
increases in Pr. Our data show that the sEPSCs from
ON GCs can be mediated by both AMPARs and
NMDARs, but the activation of NMDARs depends on
Pr, which is governed by presynaptic inhibition.
Our results could also be explained if enhanced gluta-
mate uptake occurred at ON versus OFF GC synapses.
This, however, is unlikely because our sEPSCs were
similar to the small-amplitude sEPSCs observed by
Chen and Diamond (2002), which were unaffected by
glutamate uptake. While we cannot rule out an addi-
tional contribution by glutamate uptake, our results sug-
gest that increased glutamate release was primarily re-
sponsible for the enhancement of the sEPSCs.
The enhanced NMDAR-mediated component of the
sEPSCs observed in Null ON GCs cannot be attributed
to developmental or compensatory changes in synaptic
transmission since similar changes are observed in wt
ON GCs when GABACR-mediated inhibition was phar-
macologically blocked. This observation confirms that
ON and OFF signaling pathway differences result from
distinct GABACR-mediated inhibition and NMDAR dis-
tributions. Furthermore, our results cannot be attributed
to a disruption of serial inhibitory pathways in the inner
retina (Roska et al., 1998; Zhang et al., 1997) since we
observed similar changes when GABAA receptor and
glycine receptor inhibitory circuits were left intact and
excitatory transmission was isolated by holding GCs
at ECl
-.
Two Functional Asymmetries in ON and OFF
Retinal Pathways
We found that GABACR-mediated inhibition does not
significantly alter excitatory signaling to OFF GCs in
vivo or in vitro, similar to earlier observations in salaman-
der retina (Zhang and Slaughter, 1995). ON and OFFbipolar cells both express GABACRs (Enz et al., 1996),
but perhaps to different extents or with different spatial
distributions. In ferret retina, the proportion of GABACRs
at bipolar cell axon terminals contributing to GABA puff-
evoked inhibitory postsynaptic currents (IPSCs) is larger
in ON (71%) versus OFF (54%) cone bipolar cells
(Shields et al., 2000). Our preliminary studies also
show similar differences in mouse cone bipolar cells.
These modest differences in GABACR contributions
are unlikely to explain our findings because eliminating
GABACR expression has no significant effect on OFF
GC responses. Alternatively, distinct amacrine cells
and/or circuits may differentially inhibit ON and OFF bi-
polar terminals (Zaghloul et al., 2003). The dramatic and
differential effect of the elimination of GABACR-medi-
ated inhibition suggests an additional functional asym-
metry between ON and OFF pathway signaling to GCs.
We suggest that this second asymmetry is attributable
to the different locations of NMDARs relative to gluta-
mate release sites at ON and OFF GC synapses. Our
observations that sEPSCs from OFF, but not ON, GCs
exhibited a NMDAR-mediated component support this
idea (Figure 7). When we enhanced spillover with TBOA,
the NMDAR-mediated component of the sEPSCs was
enhanced more in ON than in OFF GCs, suggesting
that NMDARs are located perisynaptically at ON GC
synapses and synaptically at OFF GC synapses. By con-
trast, the AMPAR component of evoked or spontaneous
EPSCs was not affected when the release was enhanced
in either ON or OFF GCs, suggesting that AMPARs are
located synaptically in both.
A Functional Role for Glutamate Spillover
Transmission in Modulating Sensory Output
How does GABACR-mediated presynaptic inhibition ex-
tend the dynamic range of the light response of ON
GCs? Our results suggest that presynaptic inhibition re-
duces glutamate release and limits the activation of peri-
synaptic NMDARs at ON GC synapses (Figure 8Aa).
While glutamate spillover was shown to activate perisy-
naptic NMDARs (Chen and Diamond, 2002; Matsui et al.,
1998), the physiological role of spillover remained un-
resolved. Our findings demonstrate a functional role
for spillover in sensory information processing. Dia-
mond and Copenhagen (1993) proposed that NMDARs
linearize excitatory responses of ON GCs at positive
potentials when AMPAR drive is reduced, extending
their dynamic response range. Our results extend this
idea, demonstrating that presynaptic inhibition selec-
tively controls the extent of spillover and recruitment
of perisynaptic NMDARs in ON, but not OFF, GCs. This
differential modulation of the input to GCs by presynap-
tic GABACRs (compare Figures 8Aa and 8B) results in
ON GCs responding over a broader range of stimulus in-
tensities than OFF GCs. The shallower slope of the ON
versus OFF GC intensity-response curve (Figure 2) sug-
gests that ON GCs have a lower synaptic gain than OFF
GCs. While similar differences in ON and OFF GC dy-
namic ranges have been reported for primate parasol
GCs (Chichilnisky and Kalmar, 2002), it remains to be
seen whether these mechanisms vary amongst the sub-
types of ON and OFF GC populations found in the mouse
retina (Sun et al., 2002). When we morphologically char-
acterized the GC subtypes from our slice experiments
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OFF GC classes showed the same characteristic dy-
namic response ranges and modulation by presynaptic
inhibition.
These ON and OFF visual channel asymmetries en-
able the encoding of visual signals with different sensi-
tivities to be conveyed along the existing ON and OFF
retinal circuitry rather than along additional parallel
pathways. By carrying multiple signals along estab-
lished pathways information is sent more efficiently.
Experimental Procedures
In all experimental procedures, the animals were treated according
to the regulations in the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and in compliance with protocols
approved by Washington University and the University of Louisville.
Wild-type (C57BL/6J) mice were obtained from Jackson Labs (Bar
Harbor, ME). GABAC r1 subunit null (referred to as Null) mice were
created by gene targeting and backcrossed onto a C57BL/6J back-
ground (McCall et al., 2002).
In Vivo Electrophysiology
GC responses were recorded extracellularly from the optic nerve of
wt and Null mice using procedures published previously (Sagdullaev
and McCall, 2005). Anesthesia was induced with an intraperitoneal
injection of ketamine (70 mg/kg) and xylazine (7 mg/kg) in mamma-
lian Ringer’s solution and supplemental injections were given ap-
proximately every 45 min. The animal was mounted in a stereotaxic
frame (David Kopf Instruments, Tujunga, CA) and body temperature
was maintained at 37ºC with a feedback-controlled heating pad (CT-
1000, CWE, Ardmore, PA). Topical atropine (1%) was applied to di-
late the pupils and each cornea was covered with zero power con-
tact lenses. A small craniotomy was performed near the bregma,
and the overlying cortex was removed to expose the optic nerve.
A sharpened tungsten electrode (Hubel, 1957) (impedance of 30–
90 MU at 12 Hz) was lowered into the optic nerve with a micromanip-
ulator. Isolated spikes were recorded from single optic nerve fibers,
amplified (X3+Cell, FHC, Bowdoinham, ME), fed through a window
discriminator (slope/height discriminator, FHC, Bowdoinham, ME)
into a data acquisition system (Power 1401, CED, UK), digitized at
15 kHz, and stored for off-line analysis.
Visual Stimulation
After each single unit was isolated, its receptive field (RF) was map-
ped on a removable tangent screen that covered a display monitor.
Spots of light that matched the size and sign of the GC’s RF center
(bright for ON GCs and dark for OFF GCs) were generated on a CRT
display monitor using VisionWorks (Vision Research Graphics, ME,
USA). The stimulus used to obtain intensity-response relationships
was generated using a Ganzfeld (Advanced Illumination, Rochester,
VT) containing 64 light-emitting diodes (LEDs) whose spot size was
matched to the cell’s RF center with an adjustable iris (Edmund In-
dustrial Optics, Barrington, NJ). The intensity and duration of the
stimulus was computer controlled (Superscope II 2.17.1, GW Instru-
ments Inc., Somerville, MA, USA). To generate an intensity-response
function, GCs were adapted to a 30 cd/m2 spot and presented with 4
s light increments for ON GCs, and 4 s light decrements for OFF GCs.
Light intensity was changed sequentially in either 0.25 to 0.5 log in-
tensity steps, increasing up to 1680 cd/m2 for ON GCs and decreas-
ing to 0 cd/m2 for OFF GCs. The interstimulus interval, during which
the stimulus intensity returned to 30 cd/m2, ranged from 10 s for low-
intensity spots, up to 60 s for the highest intensity spot.
Retinal Slice Preparation
Retinal slices were prepared as described previously (McCall et al.,
2002). Eyes were enucleated and placed in oxygenated HEPES-buff-
ered extracellular Ringer’s solution 1, containing (in mM) 137 NaCl,
2.5 KCl, 2.5 CaCl2, 1.0 MgCl2, 10 Na-HEPES, 28 glucose (pH 7.4).
The cornea, iris and lens were removed with small scissors and
the eyecups were incubated for 20 min at room temperature in extra-
cellular solution 1 supplemented with 0.5 mg/ml hyaluronidase(Sigma, St. Louis, MO) to facilitate vitreous removal. The isolated ret-
ina was placed on filter paper (Millipore, Bedford, MA) vitreal side
down and slices were cut at 200–250 mm intervals and stored in ox-
ygenated extracellular solution 1. Individual slices were transferred
to a recording chamber one at a time and mounted on the stage of
an upright microscope equipped with Hoffman modulation contrast
optics (Modulation Optics, Inc.; Greenvale, NY), as described previ-
ously (Lukasiewicz and Roeder, 1995). The recording chamber was
constantly superfused (1 ml/min) with bicarbonate-buffered extra-
cellular solution 2, containing (in mM) 125 NaCl, 2.5 KCl, 2.0 CaCl2,
1.0 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose, which was
bubbled with 95% O2 and 5% CO2. In some experiments specified
in the text, a modified extracellular solution 2 was used, in which
MgCl2 was substituted with CaCl2. During all experiments (unless
otherwise specified) control extracellular solution 2 contained 100 mM
bicuculline and 5 mM strychnine. Pharmacological agents were
bath applied in the control solution using a computer-controlled,
multichannel superfusion system. Reagents including 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX), (1,2,5,6-tetrahydropyridine-
4yl)methylphosphinic acid (TPMPA) were obtained from Sigma;
D(-)-2-amino-5-phosphonopentanoic acid (D-AP5) and 1-(4-amino-
phenyl)-3-methylcarbamyl-4-methyl-7,8-methylenedioxy-3,4-dihydro-
5H-2,3-benzodiazepine (GYKI-53655) were obtained from Tocris
(Ballwin, MO).
Whole-Cell Recordings
Whole-cell recordings were made from GCs using patch pipettes
filled with either intracellular solution 1 or 2, depending on experi-
mental protocol. Intracellular solution 1 contained (in mM) 120 Cs-
gluconate, 10 tetraethylammonium chloride (TEA-Cl), 1.0 CaCl2,
1.0 MgCl2, 11 ethylene glycol-bis(b -aminoethyl ether)-N,N,N’,N’-tet-
raacetic acid (EGTA), and 10 sodium N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (Na-HEPES), adjusted to pH 7.2 with
CsOH. Intracellular solution 2 contained (in mM) 106 Cs-gluconate,
14 CsCl, 15 TEA-Cl, 1.0 CaCl2, 1.0 MgCl2, 11 EGTA, and 10 Na-
HEPES, adjusted to pH 7.2 with cesium hydroxide. The calculated
ECl for these intracellular solutions was 258 and 235 mV, respec-
tively. All intracellular solutions contained 0.05% lucifer yellow or
sulforhodamin B. Electrodes were pulled from borosilicate glass
(1B150F-4; WPI, Sarasota, FL) with a P-97 Flaming/Brown puller
(Sutter Instruments, Novato, CA) and had a measured resistance
ofw7 MU. Voltage-clamp recordings were made with an Axopatch
200B patch-clamp amplifier (Axon Instruments, Foster City, CA).
Data were digitized and stored on a PC using Labmaster DMA
data acquisition board (Scientific Solutions, Solon, OH), and Patchit
software (White Perch Software, Somerville, MA) was used to gener-
ate voltage command outputs, acquire data, control the electrical
stimuli, and operate the drug perfusion system. Data were filtered
at 5 kHz with a four-pole Bessel filter and were sampled at 2–5
kHz. All procedures were performed at elevated room temperature
(24ºC–28ºC).
Electrical Stimulation
Positive current pulses (2 ms; 0.01–1000 mA) were applied to the bi-
polar cell dendrites in OPL (Higgs and Lukasiewicz, 1999) using
a patch pipette filled with extracellular solution 1. Electrically evoked
excitatory postsynaptic currents (eEPSCs) were recorded from gan-
glion cells in voltage clamp mode. The stimulating pipette was
always inserted into the OPL directly above the ganglion cell that
was being recorded.
Identification of Morphological Types of Ganglion Cells
During in vivo recordings, GCs were classified on basis of their stim-
ulus-evoked responses to bright (ON) or dark (OFF) spots centered
on their receptive fields. In retinal slices, each ganglion cell was filled
with either lucifer yellow or sulforhodamine B, which was included in
the patch pipette solution. At the end of the recording session, GC
images were acquired as consecutive optical sections that were
superimposed to form a single image using MetaMorph (Universal
Imaging Corp., Downingtown, PA) and then processed using Adobe
Photoshop 7.0 (Adobe Systems, San Jose, CA). The level at which
the GC dendritic processes stratified in the IPL was measured as
the distance from its processes to the distal margin (0%) of the
IPL. In general, ON GCs were defined as those whose dendrites
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the IPL depth (Peichl and Wassle, 1981; Sun et al., 2002) (Figure S2).
GCs were distinguished from displaced amacrine cells by their
larger soma sizes and the presence of an axon.
Analyses
Extracellular spike trains recorded from single optic nerve fibers
were collected and analyzed using Spike2 (CED, UK). Responses
to an optimal spot diameter were accumulated and displayed as ras-
ter plots (n = 8 presentations). These responses were then averaged
to produce an average peristimulus time histogram (50 ms bins),
which was then smoothed by fitting it to a raised cosine function
with a 50 ms smoothing interval (Sagdullaev and McCall, 2005).
From the smoothed function, two measures were extracted to quan-
titatively characterize the visual response. The spontaneous firing
rate of the GC was measured prior to stimulus onset when the back-
ground intensity of the monitor was (23 cd/m2). The stimulus-evoked
response was corrected for the cell’s spontaneous firing rate and its
peak firing rate was determined.
For patch-clamp recordings, electrically evoked EPSCs were col-
lected, averaged, and analyzed using Tack software (White Perch
Software, Somerville, MA). The EPSC peak amplitude, charge trans-
fer, Q in pA*ms, and the time for the response to decay from 90% to
37% of peak amplitude (in ms) were computed from the averaged re-
sponses. sEPSC were analyzed using MiniAnalysis Program (Synap-
tosoft Inc., Decatur, GA). Each event was inspected and spurious
noise peaks and overlapping events were rejected. The peak ampli-
tude, Q, and D37 of each individual event were determined, and the
mean value (of 20–838 events) of each measure was calculated for
each cell. Electrically and visually evoked responses were plotted
as a function of either current or light intensity to produce intensity
response functions. These data were then fit with the Hill equation:
Y = axb/(L50
b + xb), where a is the maximum response, b is the slope
factor, and L50 is a stimulus intensity which resulted in half maximum
response. The dynamic range of the response, defined as the range
of intensities that elicited responses between 5% and 95% of max-
imum, was estimated as 2.56/b (Thibos and Werblin, 1978). All data
are reported as means 6 SEM. Statistical significance was deter-
mined either using a Student’s t test, paired t test, or, for multiple
comparisons, using one-way ANOVA with Scheffe post hoc analysis.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/6/923/DC1/.
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